Summary Lack of insulin receptors in mice is associated with near-normal intrauterine growth, unlike patients with leprechaunism, in whom growth deficiency is a prominent clinical feature. Genetic crosses of insulin receptor-and insulin-like growth-factor-1 (IGF-1) receptor-deficient mice indicate, however, that insulin receptors play an important role in late gestational growth, and that absence of growth retardation in insulin receptor-deficient (IR ±/± ) mice may be due to a compensatory increase in IGF-1 receptor levels. In human fetuses, insulin has a paramount role in the generation and maintenance of adipose tissue, as demonstrated by changes associated with genetic and maternally caused fetal hyperinsulinaemia. In the present study, we have investigated whether genetic ablation of insulin receptors affects differentiation and trophism of white adipose tissue, the main target organ for the growth-promoting actions of fetal insulin. Histological, immunohistochemical, and ultrastructural analyses of white dermal adipose tissue were performed in newborn IR ±/± mice, as well as normal (IR + / + ) and heterozygous controls (IR + /± ). Stereological measurements revealed a marked decrease of the adipose area in IR ±/± mice compared to IR + / + and IR + /± mice. Fat cell depletion resulted mainly from a reduction of adipocyte volume (~90 %), with a small decrease of adipocyte number. Electron microscopy analysis detected all stages of differentiation of the adipocyte precursor in IR ±/± mice, suggesting that lack of insulin receptors is not associated with selective impairment of the adipocyte differentiation process. These data are consistent with a bi-modal action of fetal insulin receptors, one to mediate embryonic growth in response to IGF-2, and one to mediate adipose cell formation in response to insulin. [Diabetologia (1998) 41: 171±177] Keywords Diabetes mellitus, adipocyte, genetics, growth, receptors. compared to human gestation. Furthermore, levels of IGF-1Rs are increased in IR ±/± mice, providing a further explanation for the near normal size of IR ±/± mice [8] .
To further support this model, it should be noted that lack of insulin is associated with modest (~10± 15 %) growth retardation in mice [9] . In humans, fetal insulin appears to exert its most important role on fat tissue differentiation and development. Thus, children of diabetic mothers, who are chronically exposed to hyperinsulinaemia, develop macrosomia, due primarily to increased body fat mass [10, 11] . Likewise, children with persistent hypoglycaemic hyperinsulinism of infancy (PHHI, also known as nesidioblastosis) show dramatic increases in fat body mass [12] .
In view of these findings, we have re-visited the question of whether development of fat cells in IR ±/± mice occurs normally. Somewhat unexpectedly, Joshi et al. [7] have reported that skin and pericapsular kidney fat are normally represented in a strain of IR ±/± mice. A major impediment to these experiments is the scarcity of fat tissue in newborn mice, in which it represents approximately 2 % of total body mass, unlike in humans, in whom it represents approximately 16 % [13] . Thus, to address the role of IRs in adipocyte differentiation, we have examined the ultrastructure of adipocyte precursors in IR ±/± mice, and performed a morphometric evaluation of dermal adipose tissue. This type of analysis is well suited to detect the various stages of adipocyte development [14] , and to quantitate small differences, which may escape different types of analyses, such as studies of biochemical or molecular markers of adipocyte differentiation.
Materials and methods
Animal husbandry and antibodies. Mice bearing a null allele of the IR have been described previously [5] . A rabbit polyclonal antiserum against the IR b-subunit was used for immunohistochemistry [5] .
Light microscopy. The skin of three different regions was sectioned in cubes of approximately 1 mm 3 . Skin fragments were isolated from the dorsal thoracic interscapular area near the midline (hereafter referred to as dorsal), from a ventral thoracic area (referred to as thoracic) and from a ventral abdominal area comprised between the sternum and the inguinal margin (referred to as abdominal). Tissues were fixed overnight in a 4 % paraformaldehyde solution in 0.1 mol/l phosphate buffered-saline pH 7.4 (Merck, Darmstadt, Germany), dehydrated in a graded series of ethanol and embedded in paraffin. 3 mm-thick sections were cut and stained with haematoxylin and eosin.
Electron microscopy. Skin fragments of the three regions were fixed in a solution containing 2 % glutaraldehyde, 2 % paraformaldehyde in 0.1 mol/l phosphate buffer, pH 7. Morphometric analysis. Semi-thin sections (2 mm) were obtained with a Reichert microtome Autocut, mounted on glass slides, and stained with toluidine blue. At least five different transverse sections of each region were examined for each animal. We examined a total of 15 independent skin biopsies for each animal, and three animals for each genotype, corresponding to a total of 45 biopsies of each region. After projecting with a Leitz TelePromar 500 Orthoplan light microscope (Leitz, Wetzlar, Germany) at a final magnification of 330´, we focused on an area between the lamina basalis and the skin muscle. The total surface and the area occupied by adipose cells were plotted on the image analyser SEM-IPS Kontron (Munchen, Germany) for automated measurements.
Immunohistochemistry. Immunohistochemistry was performed with the avidin-biotin peroxidase system. We processed 3 mm-thick de-waxed sections as follows: 1) incubation in 0.3 % H 2 O 2 in methanol for 30 min to block endogenous peroxidases; 2) pre-incubation with normal goat serum (Vector Laboratories, Burlingame, Calif., USA) at a 1:75 dilution, to reduce non-specific binding; 3) incubation with rabbit anti-IR antibody at a dilution of 1:15,000 in phosphate buffered saline (PBS) overnight at 4°C; 4) incubation with biotinylated goat anti-rabbit IgG (Vector Laboratories) at a 1:200 dilution in PBS for 30 min; 5) ABC complex (Vector Laboratories) for 1 h; 6) histochemical visualization of peroxidase using 3'3'diaminobenzidine hydrochloride cromogen (DAB, Sigma).
The sections were washed with water and mounted with Entellan (Merck). Micrographs were taken with a Zeiss Photomicroscope on Kodak Ektachrome 64T films.
Statistical analysis. Results are given as mean ± standard deviation. Statistical analysis was performed using analysis of variance (ANOVA).
Results
Sections derived from several areas of the skin were analysed by light microscopy (Fig. 1) . In IR + / + mice (right panel), the dermal adipose tissue was characterized by a well-defined layer of numerous mature adipocytes. In contrast, the dermis of IR ±/± mice showed a large decrease in the amount of adipose cells (Fig. 1, left panel) . None of the other skin lesions observed in humans with similar mutations, i. e. acanthosis nigricans, papillomatosis and hyperkeratosis [15] , were observed in IR ±/± mice. Immunohistochemical studies were performed to determine whether IRs are expressed in dermal adipose cells, using an antibody against the receptor's b-subunit (Fig. 2) . In IR + / + mice, intense staining of the plasma membrane was observed (Fig. 2, lower panel) , whereas in IR ±/± mice no specific staining was detected (Fig. 2 , middle panel). Staining with control serum did not reveal any immunoreactivity (Fig. 2, upper panel) .
To quantitate the differences observed between IR + / + and IR ±/± mice, morphometric studies were performed on skin biopsies derived from several different areas (Table 1 ). In dorsal areas of IR ±/± mice, the total surface occupied by adipose cells was 41 % of that measured in IR + / + mice (p = NS by one fac- Fig. 2 . Immunohistochemical analysis of dermal fat pads in newborn mice. Paraffin-embedded skin sections were incubated with an antiserum directed against the b-subunit of the IR followed by a biotinylated goat anti-rabbit antibody. Intense staining of the plasma membrane was detected in skin sections of normal mice (bottom panel), but not in IR ±/± mice (middle panel). Control rabbit serum is shown in the top panel. Bar: 5 mm tor ANOVA). In abdominal areas, the adipose surface was decreased to 19 % of normal (p < 0.05 by one factor ANOVA), and in thoracic areas to 17 % of normal (p < 0.05 by one factor ANOVA). In mice heterozygous for the IR mutation (IR + /± ), the decrease in the amount of adipose tissue was intermediate between the IR + / + and IR ±/± mice in all areas analysed. A decrease in the surface of individual fat cells accounted for approximately 90 % of the observed reduction in adipose area (Table 2) , with a small decrease of adipocyte cell number. Next, we examined the stages of adipocyte differentiation by electron microscopy (Fig. 3) . Cells at various differentiation stages were found in both IR + / + and IR ±/± mice. An early stage of differentiation of the pre-adipocyte is represented by spindle-shaped cells with small cytoplasmic lipid droplets located on both sides of the nucleus. This early differentiation stage is mostly found in peri-capillary areas [16±20]. Accordingly, similar cells were found in mice of both genotypes (Fig. 3 a and b) . Later stages are represented by mid-differentiation cells of ovoidal shape, with increased amounts of cytoplasmic lipids and glycogen granules (Fig. 3, c±f) , and by fully differentiated cells, Cell types belonging to each of the different stages were found in IR ±/± mice, suggesting that the hypotrophied dermal fat does not result from an intrinsic defect of a step in the adipose differentiation programme.
Ultrastructural analysis also revealed numerous droplets of lipid-like structures in the lumen of capillaries of IR ±/± mice, but not in IR + / + mice (Fig. 4 , upper and lower panels). The size of these droplets ranged from 1200 to 4500 A Ê (mean ± SD = 2100 ± 92A Ê ). They probably represent chylomicron remnants [21] that failed to be cleared from the circulation by the liver. In some sections, these droplets appear to impinge on the membrane of the endothelial cell of arterioles, and to give rise to formations protruding into the lumen (Fig. 5 ).
Discussion
We have previously shown that inactivation of IR in mice does not cause the same growth retardation as is normally observed in humans with similar mutations [6] . Subsequent studies have indicated that mice lacking both IRs and IGF-1Rs are more severely growth retarded than mice lacking either receptor alone, suggesting that IRs do play an important role in promoting growth of mouse embryos. IR-mediated growth occurs predominantly in late gestation in response to IGF-2 binding [8] . Evidence derived from targeted mutagenesis of the two mouse insulin genes suggests that insulin plays a small role in mouse embryonic growth [9] . Interestingly, activation of IRs in response to IGF-2 seems to have a broader range of effects to stimulate embryonic growth than insulin binding to IRs [8, 22] . In humans, fetal insulin acts primarily at the level of the adipocyte to stimulate growth. For example, macrosomia associated with fetal hyperinsulinism is largely the result of increased fat body mass [12, 23, 24] . Thus, it would be predicted that fat cell mass should be impaired in the absence of IRs.
To address this question, we have analysed dermal white adipose tissue in IR ±/± mice. The findings of the present study are consistent with in vitro data indicating that IRs are not required for progression through a specific step of the adipogenic process. For example, in cultures of 3T3-L1 cells, IGF-1 is about two orders of magnitude more potent than insulin in stimulating terminal differentiation [25, 26] . On the other hand, IGF-1 seems to be unable to substitute for insulin's actions on terminally differentiated adipocytes. In this respect it is interesting to note that IGF-1 can exert hypoglycaemic, but not lipogenic effects, in IR ±/± mice [27] . In a different model, we have previously shown that partial inactivation of the IR gene in 3T3-L1 cells is associated with impaired adipocyte differentiation, and that this defect can be reversed by over-expression of IRs [28] .
Interestingly, not all dermal areas are equally susceptible to insulin resistance; for example, the decrease of fat content in abdominal and thoracic areas is more marked than in dorsal areas. It remains to be determined whether the different sensitivity of different areas can be explained by the presence of other paracrine factors acting in concert with insulin to favour fat deposition in specific areas. Our findings differ from those of Joshi et al. [7] , who have reported that subcutaneous and peri-renal fat tissue in IR ±/± mice is normal. These differences could be due to the different genetic backgrounds of the two strains, or to the different analysis techniques.
The abnormalities of lipid metabolism in mice lacking IRs are particularly striking. The findings are similar to the ªchylomicronaemia syndromeº, observed in patients with diabetic ketoacidosis and underlying lipid storage diseases, such as familial hypertriglyceridaemia, or chylomicron remnant syndrome [29] . The clinical picture in IR ±/± mice can be explained by the physiologic state of ketosis of the newborn rodent, due to the fat-rich diet (~70 % longand medium-chain fatty acids) [30] . Furthermore, insulin levels fall at birth in rodents, while glucagon levels rise, to favour fatty acid oxidation and generation of ketone bodies as the primary energy source for the developing brain [31] .
In summary, morphological and ultrastructural analyses of white fat tissue in IR ±/± mice indicate that IRs are required to mediate the trophic effects of insulin on white adipose cells. The derivation of pre-adipocyte cells from embryos of IR ±/± mice should provide a useful model to investigate further the signalling pathways involved in this process. 
